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Drought stress affects physiological parameters but not tuber yield 
in three Andean potato (Solanum tuberosum L.) cultivars
El estrés por sequía afecta los parámetros fisiológicos, pero no el rendimiento de 
los tubérculos en tres cultivares andinos de papa (Solanum tuberosum L.)
Loyla Rodríguez-Pérez1, Carlos Eduardo Ñústez L.2, and Liz Patricia Moreno F.2
ABSTRACT RESUMEN
This study evaluated the effect of water deficit on the physiologi-
cal response and yield of three Andean potato cultivars. Leaf 
water potential (Ψw), soil matric potential (SMP), photosynthe-
sis (A), stomatal conductance (gs), transpiration (E), intrinsic 
water use efficiency (WUEi), leaf temperature (LT), chlorophyll 
fluorescence parameters, chlorophyll (Chl), carotenoids (Car), 
electrolyte leakage (EL), growth and yield (Y). Parameters were 
determined in well-watered (WW) and drought-stressed (DS) 
plants. The three DS cultivars showed a decrease in leaf Ψw 
from the first day of treatment and reached values close to -2.00 
MPa 4 days after treatment (DAT) for the Diacol Capiro (DC) 
cultivar, 5 DAT for the Pastusa Suprema (PS) cultivar and 6 DAT 
for the Esmeralda (Es) cultivar. The values of A, gs and E in the 
DS cultivars decreased from the first DAT. The LT reached the 
highest values when gs showed the lowest values for the three 
DS cultivars. WUEi was higher in Es under DS plants but lower 
in DC under DS. The PSII photochemical efficiency (Fv/Fm) 
showed values greater than 0.8 for all DS cultivars under DS, 
suggesting the absence of non-stomatal limitations for A. The 
Chl content increased in the Es cultivar under DS from 5 to 7 
DAT compared to WW plants. Carotenoids (Ca) contents, the 
Car/Chl ratio, and EL increased in the three DS cultivars. There 
were no differences in yield and growth parameters between 
WW and DS cultivars. These results suggest that the three 
cultivars developed mechanisms to overcome the stress. One 
of these mechanisms could be the early synthesis of Car, which 
may maintain photosystem II function under water stress.
Este estudio evaluó los efectos del déficit hídrico sobre la re-
spuesta fisiológica y el rendimiento de tres cultivares andinos 
de papa. Potencial hídrico foliar (Ψw), potencial mátrico del 
suelo (SMP), fotosíntesis (A), conductancia estomática (gs), 
transpiración (E), la eficiencia en el uso del agua intrínseca 
(WUEi), la temperatura de la hoja (LT), los parámetros de la 
fluorescencia de la clorofila (Chl), carotenoides (Car), pérdida 
de electrolitos (EL), parámetros de crecimiento y rendimiento 
(Y) en plantas bien irrigadas (WW) y sometidas a estrés por 
sequía (DS). Los tres cultivares DS mostraron una disminución 
de Ψw de la hoja desde el primer día de tratamiento y al-
canzaron valores cercanos a -2,00 MPa a los 4 días después 
del tratamiento (DAT) para el cultivar Diacol Capiro (DC), a 5 
DAT para el cultivar Pastusa Suprema (PS) y a los 6 DAT para el 
cultivar Esmeralda (Es). Los valores de A, gs y E en los cultivares 
bajo DS disminuyeron desde el primer DAT. La LT alcanzó los 
valores más altos cuando gs mostró los valores más bajos para 
los tres cultivares DS. WUEi fue más alta en las plantas de Es 
bajo DS, pero menor en DC bajo DS. La eficiencia fotoquímica 
PSII (Fv/Fm) presentó valores superiores a 0,8 para todos los 
cultivares bajo DS, lo que sugiere la ausencia de limitaciones 
no estomáticas para la A. El contenido de Chl aumentó en el 
cultivar Es bajo DS entre el 5 y 7 DAT en comparación con el 
de plantas WW. El contenido de Car, el radio Car/Chl, and EL 
incrementaron en los tres cultivares bajo DS. No hubo diferen-
cias en los parámetros de rendimiento y crecimiento entre los 
cultivares WW y los sometidos a DS. Estos resultados sugieren 
que los tres cultivares desarrollaron mecanismos para superar 
el estrés. Uno de estos mecanismos podría ser la síntesis tem-
prana de Car, que puede mantener la función del fotosistema 
II bajo estrés hídrico.
Key words: carotenoid/chlorophyll ratio, electrolyte leakage, 
photoprotection, water deficit tolerance, leaf temperature.
Palabras clave: radio carotenoides/clorofila, pérdida de 
electrolitos, fotoprotección, tolerancia al déficit hídrico, 
temperatura foliar.
Abbreviations: A, photosynthesis; ABA, abscisic acid; ABG, above-ground mass; Car, carotenoids; Chl, chlorophyll; DAP, days after planting; 
DAT, days after treatment; DAP, days after planting; DC, Diacol Capiro; DS, drought-stressed; E, transpiration; EL, electrolyte leakage; Es, 
Esmeralda; ETR, electron transport rate; Fv/Fm, maximum quantum yield of PSII photochemistry; FW, fresh weight; gs, stomatal conductance; 
LA, leaf area; LT, leaf temperature; NPQ, non-photochemical quenching; PS, Pastusa Suprema; qP, photochemical quenching; RDM, root 
dry mass; R/S, root/shoot ratio; ROS, reactive oxygen species; SMP, soil matric potential; VPD, vapor pressure deficit; Ψw, water potential; 
WW, well-watered; WUEi, intrinsic water use efficiency; Y, tuber yield; Y(II), effective photochemical quantum yield of photosystem II. 
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Introduction 
The climate change has generated an increase in the envi-
ronmental temperature and this has resulted in modifica-
tions of the water regimes and the precipitation patterns 
worldwide (Hitz and Smith, 2004). This situation has made 
drought stress one of the principal limiting abiotic stresses 
for agricultural production (Zoebl, 2006). Water stress re-
duces plant growth through a reduction in photosynthesis, 
mainly caused by a stomatal limitation (Liu et al., 2005; 
Parent et al., 2014). A decrease in the plant water potential 
(Ψw) caused by water deficit, increases the levels of abscisic 
acid (ABA) in the plants, which induces a stomatal closure 
as an early response in the defense against stress (Lim et al., 
2015). Decreases in stomatal conductance (gs) reduce water 
loss through transpiration, but it also decrease carbon di-
oxide uptake, reducing the production of photoassimilates 
and, therefore, plant growth (Lahlou et al., 2003; Tourneux 
et al., 2003a). This decrease in the photosynthetic rate under 
water deficit conditions has been reported in plants such 
as potato (Solamun tuberosum L.) (Moorby et al., 1975 
Schapendonk et al., 1989; Ierna and Mauromicale, 2006; Liu 
et al., 2006; Ramírez et al., 2016). With severe water stress, 
in addition to the stomatal limitation of photosynthesis, 
the presence of non-stomatal limitations related to damage 
to the photosynthetic apparatus has been reported (Sanda 
et al., 2011; Noctor et al., 2014). These limitations can be 
measured with different variables such as the maximum 
photochemical efficiency of photosystem II (Fv/Fm) (Xu et 
al., 2010). The photosynthetic rate in many cases is also 
affected by the chlorophyll (Chl) content (Obidiegwu et 
al., 2015). 
Stomatal and non-stomatal limitations cause an imbal-
ance between the two phases of photosynthesis and an 
increase in the production of reactive oxygen species (ROS) 
(Sanchez-Rodríguez et al., 2010; Farhad et al., 2011). ROS 
can alter the normal functioning of plants due to the dam-
age caused to lipids, proteins, nucleic acids, photosynthetic 
pigments and enzymes (Kar, 2011). The principal damage 
caused by ROS during water stress is lipid peroxidation, 
which decreases the stability of cellular membranes and 
increases their permeability, thereby modifying cellular 
metabolism (Yordanov et al., 2003). In order to overcome 
oxidative stress, plants have developed enzymatic and 
non-enzymatic antioxidants (Cruz de Carvalho, 2008). 
Among the non-enzymatic antioxidants, carotenoids (Car) 
are particularly important because they decrease ROS 
contents and thereby protect the photosynthetic machinery 
(Cazzonelli, 2011). Car may also act as a defensive response 
by reducing thermal effects of drought stress (Farooq et 
al., 2009).
The decrease in photosynthesis resulting from drought 
stress reduces growth, affecting parameters such as foliar 
area, total dry mass, and distribution of photoassimilates 
within the plants (Chaves et al., 2002; Lahlou et al., 2003). 
This negative effect on growth has been reported for 
plants including potato (Lahlou et al., 2003; Ierna and 
Mauromicale, 2006) and sorghum (Sorghum bicolor L.) 
(Zegada-Lizarasu and Monti, 2013). However, differences 
have been observed in the effects caused by drought stress 
related to morphological, physiological, biochemical, and 
molecular changes among species and cultivars (Tourneux 
et al., 2003a; Liu et al., 2005; Liu et al., 2006; Graca et al., 
2010). Likewise, under drought stress, the tolerance of 
some genotypes has been associated with rapid recupera-
tion after rehydration (Hu et al., 2010; Zegada-Lizarazu 
and Monti, 2013). 
Solanum tuberosum L. is a species originated in the Andean 
region of South America, cultivated worldwide and very 
important for food security in Colombia (Devaux et al., 
2014). Potato plants are very sensitive to drought stress 
compared to other species (Porter et al., 1999). It has been 
reported that drought stress considerably decreases yield, 
making water availability a limiting factor in the produc-
tion of this crop (Lahlou et al., 2003; Tourneux et al., 2003a; 
Obidiegwu et al., 2015). In South American countries, 
potato is cultivated in highly mountainous areas with few 
or no available water, suggesting that this crop is often 
subjected to drought stress conditions.
It has been shown that the magnitude of drought stress in 
potato production depends on the plant phenology, dura-
tion, and severity of the stress (Jefferies, 1995). Potato plants 
are susceptible to soil matric potentials (SMP) lower than 
-25 kPa and SMP values near -45 kPa, causing water stress 
in this crop (Wang et al., 2007). Thus far, there is not in-
formation available about the physiological effects of short 
periods of water deficit on Colombian potato cultivars. 
Potato plants could respond to drought stress very early 
and develop strategies to cope with it (Farhad et al., 2011; 
Monneveux et al., 2013). Therefore, physiological behavior 
of the plants under this stress could provide information 
on their capacity to tolerate drought stress.
This study aimed to evaluate leaf Ψw, gas exchange behavior, 
leaf temperature (LT), chlorophyll fluorescence parameters, 
photosynthetic pigment content, membrane permeability, 
growth parameters, and yield in three potato (S. tuberos-
um L.) cultivars that are commercially used in Colombia 
under a short period of water stress and recovery, aiming 
to expand knowledge on this topic of interest. 
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Materials and methods 
Plant material and experimental design 
This study was carried out in 2013 in the greenhouses of the 
Facultad de Ciencias Agrarias of the Universidad Nacional 
de Colombia, located at 2,600 m a.s.l. A seed tuber with a 
weight of 50 (±10) g of the potato tubers of Diacol Capiro 
(DC), Pastusa Suprema (PS), and Esmeralda (Es) cultivars 
were planted in black plastic bags that contained 5 kg of silty 
loam soil with pH 6.3. The plant materials were arranged 
in plots. Each plot consisted of 12 plants distributed in an 
area of 4.80 m2, 0.80 m, and 0.40 m apart. Considering the 
results of the soil analysis, each plant was fertilized with 
20 g of Abocol® 10-30-10 (N-P-K) and 5 g of Agrimins®, 
applied at planting. Foliar applications of Omex Bio 8®, 
which provide macroelements and chelated microelements 
were applied at doses of 1 cm3 L-1 60 d after planting (DAP). 
Since planting time, plants were irrigated with 800 mL of 
water every third day; the SMP was maintained at 0.00 
MPa to guarantee plant emergence and growth. During 
the experiment, the maximum and minimum temperatures 
and relative humidity were registered daily with a weather 
station (MCR200 µMetos®, Pessl Instruments, Weiz, Aus-
tria) (Fig. 1a). The mean vapor pressure deficit (VPD) (Fig. 
1b) also was calculated. 
The treatments were distributed in a split-plot arrangement 
under a randomized complete block design with three rep-
lications; the cultivars were placed in the main plots, and 
the water states were in the sub-plots ‒ drought-stressed 
(DS) or well-watered (WW) plants. In the DS treatment, 
irrigation was suspended at 74 DAP, at the beginning of 
tuberization stage in the three cultivars; several studies 
report that when the water deficit is applied in this phe-
nological stage generates a reduction in crop yield (Liu et 
al., 2005; Liu et al., 2006; Ahmadi et al., 2010). Drought 
stress was applied for 4 to 6 d, until the SMP reached values 
below -45 kPa, which is considered to cause water stress 
in potato crops (Wang et al., 2007; Aksić et al., 2014). The 
stress level also was defined according to the permanent 
wilting point reported for potato crops, in which the leaf 
Ψw reaches a less negative value than -1.60 MPa  (Vos and 
Haverkort, 2007; Rolando et al., 2015). After this period of 
stress, the plants were irrigated for recovery.
Leaf water potential and soil matric potential 
The leaf Ψw was measured from 12:00 h to13:00 h in 3 or 
4 completely expanded leaves from top to bottom of six 
plants per treatment. Ψw was measured with a Scholander 
pressure chamber (PMS Model 615, Fresno, CA, USA). SMP 
was measured at 6:00 h with a tensiometer (Tensiorun®, 
Unidrench, Bogota, Colombia). 
Gas exchange, water use efficiency, and leaf temperature
For the three cultivars, the photosynthetic rate (A), gs, and 
transpiration rate (E) were registered using a photosynthe-
sis measurement system (LCpro-SD, Portable BioScientific, 
Hoddesdon, UK). The measurements were taken on 3 or 4 
completely expanded leaves of six plants per treatment from 
9:00 h to 11:30 h with a CO2 concentration of 400 µL L-1 and 
a photosynthetic photon flux density of 900 µmol m-2 s-1. 
The intrinsic water use efficiency (WUEi) was calculated 
with A and gs data (A/gs). The leaf temperature (LT) was 
measured using a manual infrared thermometer (HD550, 
Extech®, Waltham, Ma, USA). Five measurements were 
taken per leaf of six plants per treatment. 
Chlorophyll fluorescence parameters
In order to determine the photoinhibition of photosynthe-
sis, Fv/Fm was measured in dark-adapted leaves for 45 min 
using a MINI-PAM modulated fluorometer (Walz®, Effel-
trich, Germany). The measurements were carried out on the 
same leaves that were used to measure A. The Chl molecules 
were excited for 0.80 s with 1,500 μmol m-2 s-1 of actinic 
light. The parameters photosynthetic electron transport 
rate (ETR), effective quantum efficiency of PSII (Y[II]), 
photochemical quenching (qP), and non-photochemical 
quenching (NPQ) were registered. 
Photosynthetic pigments 
Leaf pigments were extracted in accordance with Lich-
tenthaler (1987). The upper-third portion (equal to three 
or four expanded leaves) of six plants per treatment was 
homogenized in 80% acetone. The absorbance was de-
termined at an optical density of 663 nm and 647 nm for 
Chl and 470 nm for Car. The Chl and Car contents were 
determined, and a carotenoid/chlorophyll ratio (Car/Chl) 
was calculated using these values.
Membrane permeability 
Permeability of cellular membranes was measured by the 
amount of electrolyte leakage (EL) (Valentovic et al., 2006). 
Ten 2.5-mm-diameter leaf discs were placed in Falcon 
tubes with 2 mL of deionized water at 25°C. The electrical 
conductivity (EC) was determined with a conductometer 
(HI 9835 Hanna® - ICT, SL, Bogota, Colombia) at 24 h. The 
EC values were expressed as a percentage with respect to 
the highest value using the equation PE = (EC1 * EC2) * 
100; where PE = percentage of lost electrolytes, EC1 = EC 
at 24 h, and EC2 = EC after heating up 80°C. 
Growth and yield parameters
At 123 DAP, the stem length was measured from the base 
to the apical meristem; the leaf area (LA) was measured 
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with a LI-3000C portable leaf area meter (LI-COR Inc., 
Lincoln, NE, USA). The plants were individually separated 
into above-ground mass (ABG), roots (R) and tubers, which 
were subsequently dried in a 70 °C oven at constant weight. 
The root/shoot ratio (R/S) was determined using dry weight 
data. At 164 DAP, the tuber yield (Y) was determined as 
tuber fresh weight per plant using 10 plants per treatment 
at the time of harvest for the three varieties.
Data analysis
The data of each parameter were analyzed with analysis 
of variance (ANOVA) and presented as the mean value 
for each treatment and cultivar. A Tukey test (P≤0.01) 
was performed to evaluate the treatment effects. Each 
treatment value is the average of six replicates. Statistical 
analyses were performed using the R software program (R 
Development Core Team, 2010).
Temperature, relative humidity, 
and vapor pressure deficit 
During the experiment period, the minimum air tempe-
rature was between 9.7°C and 12.8°C, and the maximum 
temperature was between 31.3°C and 38.5°C; the mean 
temperature was between 18.6°C and 20.6°C. The mean 
relative air humidity oscillated between 69.4% and 89.3%; 
the mean minimum and maximum relative humidity 
values were 44.2±10.20% and 98.8±1.6%, respectively 
(Fig. 1A). During the evaluation period, the VPD varied 
between 0.30 kPa and 0.50 kPa (Fig. 1B). 
Results 
Leaf water potential and soil matric potential 
Leaf Ψw was significantly different (P≤0.01) between the 
WW and the DS cultivars from 1 to 6 d after treatment 
(DAT) and between the DS cultivars from 3 to 6 DAT 
(Fig. 2A). From 2 DAT, a significant decrease in the leaf 
Ψw was recorded in the DS cultivars. A leaf Ψw close to 
-2.00 MPa was observed at 4 DAT for DC (-1.99 MPa), at 5 
DAT for PS (-2.15 MPa), and at 6 DAT for Es (-2.00 MPa). 
One day after recovery, the DC and PS cultivars showed 
a significantly lower leaf Ψw (-0.46 MPa and -0.51 MPa, 
respectively) compared to the WW cultivars (-0.28 MPa 
and -0.23 MPa, respectively), while Es had leaf Ψw values 
equal to those of the WW cultivars (-0.26 MPa) (Fig. 2a). 
The leaf Ψw was significantly different (P < 0.01) between 
the WW and DS cultivars, from 1 to 4 DAT; however, there 
weres no significant differences between WW cultivars at 
any day. The SMP was reduced from 1 DAT and reached 
the most negative values in the DC (-54 kPa), PS (-56 kPa), 
and Es (-61 kPa) cultivars at 4, 5, and 6 d, respectively 
(Fig. 2B). However, after 1 d of recovery, the SMP of DS 
treatments reached the value of WW treatments (-0.00 
kPa). Analyzed together, these results indicate the plants of 
the three cultivars experimented water deficit at different 
times, which decreased the leaf Ψw to values associated with 
water stress in plants.
Gas exchange, water use efficiency, and leaf temperature
The photosynthetic rate was statistically significant 
(P≤0.01) between the WW and DS cultivars from 1 to 6 
DAT. The physiological parameters gs and E were statistica-
lly significant (P≤0.01) between the WW and DS cultivars 
from 2 to 6 DAT. Among the DS cultivars, there was a 
statistically significant difference in A from 1 to 6 DAT; 
in gs between 2 and 6 DAT; and in E at 2 DAT, 5 DAT, and 
6 DAT (Fig. 3A-C). A, gs, and E were significantly different 
(P≤0.01) between the WW and DS cultivars from 1 DAT 
(A) and from 2 DAT (gs and E) until the leaf Ψw of the 
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FIGURE 1A. Mean temperature, maximum and minimum temperatures (°C) and mean relative humidity (%); B. Average vapor pressure deficit (VPD) 
(kPa) in the greenhouse during the days of the period in which the potato plants were subjected to water deficit. DAT: days after treatment.
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A values in the DS cultivars were recorded in the Es cul-
tivar from 1 to 4 DAT (4.49-22.56 µmol CO2 m-2 s-1) (Fig. 
3A). The gs only presented significant differences between 
the DS cultivars at 2 DAT, and the Es cultivar showed the 
highest value (0.09 mmol H2O m-2 s-1). The lowest values 
for A (0.56-1.17 µmol CO2 m-2 s-1), gs (0.01 mmol H2O m-2 
s-1), and E (0.40‒0.53 mmol H2O m-2 s-1) were recorded in 
all cultivars when they reached the lowest Ψw. One day 
after recovery, only the PS cultivar showed significant 
differences in A with the WW treatment (24.21 µmol CO2 
m-2 s-1), while for gs and E all cultivars reached the values 
of the WW treatments. 
LT showed the significantly higher values in the DS 
cultivars at 2 DAT for plats of Es (18.01°C) and at 3 DAT 
for all cultivars (Fig. 3D). The maximum values for the 
DC (21.48°C) and PS (23.19°C) cultivars were recorded 
when the lowest leaf Ψw values were reached, while in the 
Es cultivar the maximum value was observed at 5 DAT 
(22.29°C). One day after recovery, the LT for the three 
cultivars reached the values of the WW cultivars (9.53-
14.02°C). These results indicate that in the three cultivars 
under DS, there was a gradual stomatal closure which was 
higher when the plants reached a leaf Ψw close to -2.00 
MPa, and this decrease in stomatal conductance reduced 
the CO2 input for photosynthesis as well.
WUEi in the DS cultivars was significantly higher at 3 DAT 
for PS (181.37 µmol CO2 mol-1 H2O) and Es (218.09 µmol 
CO2 mol-1 H2O) and at 4 DAT for Es (261.52 µmol CO2 mol-1 
H2O) compared with the plants of WW cultivars (Fig. 4). 
These results showed that the PS and Es cultivars subjected 
to water deficit have a higher WUEi, which could be related 
to drought tolerance. 
Chlorophyll fluorescence parameters
Fv/Fm has been widely used to detect stress-induced alte-
rations in the photosynthetic apparatus (Zegada-Lizarasu 
and Monti, 2013). In this study, we found that Fv/Fm recor-
ded values greater than 0.80 for the DS and WW cultivars 
(Fig. 5A). Y(II) and ETR presented significant differences 
between the WW and DS cultivars at 4 DAT and 5 DAT 
(Fig. 5B, C). The DC and PS cultivars presented the lowest 
values for Y(II) and ETR when they reached the lowest 
leaf Ψw, while the Es cultivar presented the lowest value 
for both parameters 1 d before reaching the lowest of leaf 
Ψw. One day after recovery, the three DS cultivars did not 
show significant differences in Y(II) and ETR compared 
to the WW cultivars. qP exhibited a significant decrease 
in Es (0.37) and PS (0.37) cultivars at 5 DAT; during the 
other days (from day 1 to 4), qP did not show differences 
between the WW and DS cultivars (Fig. 5D). NPQ was 
significantly higher in DS cultivars at 4 DAT and 5 DAT, 
with the highest value in PS (0.44) at 5 DAT (Fig. 5E). 
One day after recovery, the variables Fv/Fm, Y(II), and 
ETR reached the values of those of WW plants in the 
three cultivars, while for NPQ the cultivars did not reach 
the values of the WW plants. These results indicate the 
absence of any major impairment of the photosynthetic 
apparatus during leaf water deficit.
Photosynthetic pigments 
Chl for Es cultivar under DS was significantly higher from 
5 to 7 DAT compared to WW plants (Fig. 6A). For the other 
cultivars, there were no significant differences in Chl bet-
ween the plants under DS and WW. The Car presented a 
significantly higher value in DS cultivars from 2 DAT for 
DC and Es and from 4 to 6 DAT for PS compared to WW 
plants. From 4 DAT, Es presented the highest values for 
FIGURE 2. Effects of drought stress and subsequent recovery in three potato cultivars (DC: Diacol Capiro, PS: Pastusa Suprema, Es: Esmeralda). 
WW: well-watered, DS: drought-stressed, DAT: days after treatment. A. Leaf water potential (Ψw); B. Soil matric potential (SMP). The data shown 
are the averages of six replicates, with the standard deviations indicated by the vertical bars. Means denoted by the same letter do not significantly 
differ at P≤0.01 according to the Tukey test. 
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FIGURE 3. Effects of water deficit and subsequent recovery in three cultivars of potato (DC: Diacol Capiro, PS: Pastusa Suprema, Es: Esmeralda). 
WW: well-watered, DS: drought-stressed, DAT: days after treatment. A. Photosynthesis (A); B. Stomatal conductance (gs); C. Transpiration (E); D. 
Leaf temperature (LT). The data shown are the means of six replicates, with the standard deviations indicated by the vertical bars. Means denoted 
by the same letter do not significantly differ at P≤0.01 according to the Tukey test. 
FIGURE 4. Effects of water deficit and subsequent recovery on the intrin-
sic water use efficiency (WUEi) in three cultivars of potato (DC: Diacol 
Capiro, PS: Pastusa Suprema, Es: Esmeralda). WW: well-watered, DS: 
drought-stressed, DAT: days after treatment. The data shown are the 
means of six replicates, with the standard deviations indicated by the 
vertical bars. Means denoted by the same letter do not significantly 
differ at P≤0.01 according to the Tukey test. 
the ratios increased from 2 DAT for DC and Es and from 
4 DAT for PS. These results suggest that the three varieties 
exhibit a strong photoprotective system against water stress.
Membrane permeability 
The DS cultivar plants presented a significant increase 
in EL from 2 DAT (Fig. 7). The Es cultivar presented the 
highest values at 5 DAT and 6 DAT (62.36 % and 55.29%, 
respectively). One day after recovery, none of the DS cul-
tivars reached the EL values of WW plants (Fig. 7). These 
data suggest that the three DS cultivars exhibit an increase 
in membrane permeability, although this increase was 
higher in the Es cultivar.
Growth and yield parameters
ABG was significantly greater in WW plants across all 
cultivars (Fig. 8A), while for the RDM there were no sig-
nificant differences between the DS and the WW cultivars 
(Fig. 8B). Regarding the R/S, the DS Es cultivar presented 
a significant increase (1.5) due to a lower ABG compared 
to the analogous WW cultivar (1.3) (Fig. 8C). The LA did 
not show differences between the DS and WW cultivars 
Car content (0.36-0.40 mg g-1 fresh weight [FW]), while DC 
presented the lowest values at 5 DAT (0.27 mg g-1 FW) (Fig. 
6B). The Car/Chl ratio was higher for DS plants (Fig. 6C); 
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FIGURE 5. Effects of water deficit and subsequent recovery on the variables derived from chlorophyll fluorescence in three cultivars of potato (DC: 
Diacol Capiro, PS: Pastusa Suprema, Es: Esmeralda). WW: well-watered, DS: drought-stressed, DAT: days after treatment. A. Maximum quantum 
yield of photosystem II (Fv/Fm); B. Effective quantum efficiency of PSII (Y[II]); C. Photosynthetic electron transport rate (ETR); D. Photochemical 
quenching (qP); E. Non-photochemical (NPQ). The data shown are the averages of six replicates, with the standard deviations indicated by the 
vertical bars. Means denoted by the same letter do not significantly differ at P≤0.01 according to the Tukey test. 
(Fig. 8D). There were no differences in Y between the DS 
and WW cultivars (Fig. 8E). Taken together, these data 
suggest that the three cultivars were tolerant to the drought 
stress.
Discussion
Drought stress is one of the most common stresses limit-
ing crop productivity (Chaves et al., 2003). Cultivars can 
differ in their sensitivity to water deficit, being classified 
as tolerant or sensitive (Cabello et al., 2013; Obidiegwu 
et al., 2015). A few studies have been conducted on the 
physiological characterization of potato cultivars that are 
currently cultivated in the Andean region, under either ir-
rigated or water deficit conditions (Tourneux et al., 2003a, 
b; Ramírez et al., 2014; Rolando et al., 2015; Ramírez et al., 
2016). Neither is information available about the physiologi-
cal effects of short periods of water deficit on potato. In his 
study we evaluated physiological parameters, and yield 
in three potato (S. tuberosum L.) cultivars commercially 
used in Colombia under a short period of water stress and 
recovery. One measurement related con the tolerance of 
the plants to water stress is leaf Ψw, because it indicates the 
water state and, therefore, the ability of the plant to take 
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the three cultivars were below those reported for potato 
crops at the permanent wilting point (-1.60 MPa)  (Vos and 
Haverkort, 2007; Rolando et al., 2015). In many plants, the 
degree of decrease in leaf Ψw under drought stress condi-
tions is related to the regulation of water loss through 
a reduction in gs (Liu et al., 2006; Osakabe et al., 2014). 
There was a decrease in gs in the three DS cultivars from 
2 DAT below 0.05 mol H2O m-2 s-1 (Fig. 3B), wich suggests 
a regulation of water loss through a decrease in stomatal 
conductance, as has been observed in other plants, such as 
wheat (Triticum aestivum L.) (Siddique et al., 2000), cotton 
(Gossypium hirsutum L.) (Pallas et al., 1967), and sugarcane 
(Saccharum spp.) (Graca et al., 2010). The gs values we 
recorded are below the values that have been associated 
with metabolic impairment affecting photochemical and 
biochemical components of photosynthesis (Flexas et al., 
2004, 2006). LT is usually negatively correlated with gs and 
E (Pallas et al., 1967; Graca et al., 2010). An increase in LT 
in the three DS cultivars was recorded when the values of 
gs and E were lowest (Fig. 3D). Differences in water stress 
tolerance between cultivars may be due in part to differ-
ential sensitivities of the photosynthetic process to water 
deficit (Chaves et al., 2002; Tourneux et al., 2003b; Ierna 
and Mauromicale, 2006). A and E were greatly influenced 
by stomatal behavior, decreasing in the DS cultivars (Fig. 
3A, C), as has been described previously (Tourneux et al., 
2003b; Liu et al., 2005; Ierna and Mauromicale, 2006). The 
fast recovery of the photosynthetic rate to values of WW 
plants (DC and Es cultivars) or very close to those values 
(PS cultivar) suggests that stomatal closure is the earliest 
response to water deficit and the dominant limitation of 
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FIGURE 6. Effects of water deficit and subsequent recovery in three 
cultivars of potato (DC: Diacol Capiro, PS: Pastusa Suprema, Es: Es-
meralda). WW: well-watered, DS: drought-stressed, FW: fresh weight, 
DAT: days after treatment. A. Chlorophyll (Chl); B. Carotenoids (Car); C. 
Carotenoids/chlorophyll ratio (Car/Chl). The data shown are the means 
of six replicates, with the standard deviations indicated by the vertical 
bars. Means denoted by the same letter do not significantly differ at 
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FIGURE 7. Effects of water deficit and subsequent recovery on electro-
lyte leakage (EL) in three cultivars of potato (DC: Diacol Capiro, PS: 
Pastusa Suprema, Es: Esmeralda). WW: well-watered, DS: drought-
stressed, DAT: days after treatment. The data shown are the means 
of six replicates, with the standard deviations indicated by the vertical 
bars. Means denoted by the same letter do not significantly differ at 
P≤0.01 according to the Tukey test. 
up water or conserve the amount it has (Hsiao, 1973). In 
this study, it was recorded that the three cultivars, DC, PS, 
and Es, presented a leaf Ψw close to -2.00 MPa in a short 
period of time. The Es cultivar took more time to reach 
this Ψw (6 d), followed by PS (5 d) and DC (4 d). The Es 
cultivar was the only one to equal the Ψw of the WW plants 
after 1 day of recovery (Fig. 2a). The values of leaf Ψw for 
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FIGURE 8. Effects of water deficit and subsequent recovery in three cultivars of potato (DC: Diacol Capiro, PS: Pastusa Suprema, Es: Esmeralda). 
WW: well-watered, DS: drought-stressed. A. Above-ground mass (ABG); B. Root dry mass (RDM); C. Root/shoot ratio (R/S); D. Leaf area (LA); E. 
Tuber yield (Y). The data shown are the averages of six replicates, with the standard deviations indicated by the vertical bars. Means denoted by the 
same letter do not significantly differ at P≤0.01 according to the Tukey test. 
in A under drought stress, wich suggests a lower sensitiv-
ity of its photosynthetic process to water deficit (Fig. 3A). 
A fast, full recovery of photosynthesis after re-watering 
has been reported in potato after irrigation deficit (Van 
Loon, 1981; Vos and Groenwold, 1989; Ramírez et al., 
2016). It also was found that some drought stress-tolerant 
cultivars showed an increase in WUEi (Gago et al., 2014). 
The higher values of WUEi in DS Es (Fig. 4) are due to the 
lower reduction in photosynthesis that was recorded in this 
cultivar and could be related to tolerance (Liu et al., 2006; 
Ahmadi et al., 2010). The Fv/Fm values (0.81-0.91) observed 
in all cultivars (Fig. 5A) suggest the absence of any major 
impairment of the photosynthetic apparatus in the plants 
under DS and indicate resistance of the photosynthetic ap-
paratus, as has been reported in previous studies (Moorby 
et al., 1975; Schapendonk et al., 1989; Tourneux et al., 
2003b). However, the decrease in ETR, Y(II), and qP and 
the increase in NPQ in all DS cultivars (Fig. 5B-E) suggest 
a possible mild alteration in the phase of light-dependent 
reactions, which did not have a significant effect on the 
photosynthetic rate. Consequently, the main limitation 
was due to stomatal closure and not to an impairment of 
the photosynthetic apparatus (Ierna and Mauricale, 2006; 
Ahmadi et al., 2010). 
It was observed that the DS Es cultivar showed an increase 
of Chl (Fig. 6A). Drought stress can reduce the final size of 
leaves of potato, and this effect varies among cultivars (Jef-
feries, 1993). The increase in Chl content found in Es could 
be associated with the decrease in leaf growth and water 
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turgor loss, as has been described in potato (Teixeira and 
Pereira, 2007; Ramírez et al., 2014; Rolando et al., 2015). The 
DC and PS cultivars under drought stress did not exhibit 
differences in Chl compared to WW plants. These data 
could suggest that in these cultivars leaf growth and leaf 
turgor were less affected by water deficit, likely as result of 
the osmotic adjustment (Sánchez-Rodríguez et al., 2010; 
Farhad et al., 2011).
Carotenoids pigments are essential in photosynthesis. At 
the same time, they have a protective role in their ability 
to reduce the thermal effects of drought stress, and these 
pigments are also non-enzymatic antioxidants (Cruz de 
Carvalho, 2008; Farooq et al., 2009). An increase in Car 
content has been reported in many plants under stress 
conditions (Efeoglu et al., 2009; Ghobadi et al., 2013). 
Here, we found that all cultivars showed an increase in 
the Car content, which was highest in the Es cultivar un-
der DS (Fig. 6B). The Car/Chl ratio in all cultivars under 
drought stress was also higher than that in WW plants. 
The Car content and Car/Chl ratio are correlated with 
the capacity of light protecting mechanisms (Boardman, 
1977). These results suggest that the three cultivars have 
a strong photoprotective system against water stress, as 
has been described in other plants (Efeoglu et al., 2009; 
Ghobadi et al., 2013). 
Another important parameter that is negatively affected 
during drought stress is the permeability of membranes, 
which is widely used to evaluate drought tolerance (Blum 
and Ebercon, 1981; Premachandra et al., 1991). For plants 
such as maize (Zea mays L.) (Quan et al., 2004) and wheat 
(Bajji et al., 2002), an increase in membrane permeability 
under drought stress has been reported, measured as EL. 
Here, an increase in EL from the second day of drought 
stress was recorded, which was greater when plants exhib-
ited a more negative leaf Ψw (Fig. 7). This increase could 
be due to the peroxidation of lipids caused by an increase 
in ROS, as has been reported for plants such as tomato 
(Lycopersicon esculentum Mill.) (Sanchez-Rodríguez et 
al., 2010), cotton (Deeba et al., 2012), and potato (Farhad 
et al., 2011). It has been found that EL under stress condi-
tions is mainly due to K+ and anion efflux (Bajji et al., 2002; 
Demidchik et al., 2014). Also, it has been hypothesized that 
the decrease in cytosolic K+ may be involved in metabolic 
adjustment, which is essential for adaptation to any stress 
factor (Demidchik et al., 2014). 
Finally, drought stress can alter carbon allocation to 
different tissues (Chaves et al., 2002; Shao et al., 2008). 
This alteration in carbon partitioning could be related to 
mechanisms developed by the plant to cope with the stress, 
such as the increase in root size or the increase in the syn-
thesis of different compounds involved in osmotic adjust-
ment or in protection (Schafleitner et al., 2007; Obidiegwu 
et al., 2015). Some potato genotypes have the capacity to 
increase root size under drought stress, which might lead 
to a reduction in the canopy size and also to an increase 
in R/S (Steckel and Gray, 1979). We recorded that there 
was a decrease in the ABG in PS and Es cultivars under 
drought stress but not in the LA (Fig. 8A). We also found 
an increase in R/S in the Es cultivar under water deficit but 
not in RDM (Fig. 8c). These results show that the patterns 
of biomass partitioning among plants under DS and WW 
were not very different. In potato, severe water deficit can 
negatively affect Y if the stress occurs just before or during 
tuber initiation (Mackerran and Jefferies, 1986; Monneveux 
et al., 2013). Although the SMP reached values near -45 kPa 
for the three cultivars evaluated, which has been reported to 
cause water stress in this crop (Wang et al., 2007), Y was not 
reduced. The capacity to maintain Y under drought stress 
showed by the three cultivars suggests that these cultivars 
were tolerant to the drought stress (Obidiegwu et al., 2015). 
Conclusion
It has been shown that the magnitude of drought stress 
on potato production depends on the phenological tim-
ing, duration, and severity of the stress (Jefferies, 1995; 
Monneveux et al., 2013). In this study the three cultivars 
showed physiological responses similar to those reported 
for potato plants subjected to longer periods of drought 
stress. The plants presented values of gs that have been 
associated with impairment of the photosynthetic ap-
paratus (Flexas et al., 2004, 2006; Ramírez et al., 2016). 
However, we have not find a major impairment of the 
photosynthetic apparatus, and the plants showed a fast 
recovery of photosynthetic rate after 1 day of rehydration. 
We also observed in the plants of the three cultivars that 
under drought stress conditions there was not a reduc-
tion of Y. These results suggest that the three cultivars 
developed very early mechanisms to overcome the stress. 
One of these mechanisms could be the early synthesis of 
Car that we recorded in these cultivars. This could be an 
indicator of the high capacity of potato plants to maintain 
a functional photosystem II under drought stress with a 
photoprotective system. Although the exposure time to 
water stress was short, the plants showed indicators of 
stress and developed very early mechanisms associated 
with protection. Other experiments are needed to identify 
whether other mechanisms are present that might explain 
the response showed by these cultivars under water deficit, 
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such as proline or antioxidant synthesis, both of which 
have already been described in potato (Schafleitner et al., 
2007; Farhad et al., 2011). It is also necessary to explore 
the response of these cultivars to a longer period of water 
deficit to evaluate if they maintain the tolerance traits that 
they showed in this study.
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